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                                                 Abstract  

The author’s synchrotron radiation based 3D geomagnetic EMP code MACSYNC has 
been used to explore the impact on pulse rise time and air conductivity of EMP 
propagation paths to the observer that are located off the direct line-of-sight (LOS) 
between gamma source and observer. This geometry is always present because, for an 
isotropic source, most the gammas are emitted at an angle with respect to the LOS. 
Computations for a 1 kt near-surface burst observed from space yield two principal 
findings:  

1. The rise time is generated by the combined actions of a) electron spreading 
along the LOS due to the Compton electron emission angular distribution folded 
with electron multiple scattering effects, and b) radiation arrival time spreading 
due to length differences for different off-LOS propagation paths. The pulse rise 
time does not depend on the rise time of the conductivity. The conductivity rise 
time determines the pulse amplitude. 

2. One-dimensional legacy EMP codes are inherently incapable of producing the 
correct pulse shape because they cannot treat the dependence of the 
conductivity on two dimensions, i.e. the radius from the source and the angle of 
the propagation path with the LOS. This divergence from one-dimensionality 
begins at a small fraction of a nanosecond for a sea-level burst. This effect will 
also be present in high-altitude bursts, however, determination of its onset time 
and magnitude requires high-altitude computations which have not yet been 
done.                                                                                                                                                         

 

 

Introduction 

In previous papers, the author discussed the effect on the later part of a geomagnetic 
EM pulse due to conduction electron attachment during the delay between ionization 
creation and EMP arrival caused by the flight path difference between the ionizing 
gammas and the EMP for off-line-of-sight (LOS) propagation paths 1-3. The current 
paper deals with the wider role of off-LOS propagation in the formation of geomagnetic 
EM pulses with emphasis on pulses from low-yield, near-surface explosions observed 



from space. This is another progress report on the author’s exploration of the impact of 
a fully three-dimensional treatment on the computed geomagnetic EMP. 

The current paper is based on calculations with the author’s 3D MACSYNC 
geomagnetic EMP code described in Reference 1. 

 

About MACSYNC 

The author developed MACSYNC as a tool to explore the impact on geomagnetic EMP 
computations of 3D effects that cannot be treated by the commonly used one-
dimensional legacy codes. The main purpose of MACSYNC computations has always 
been to motivate the development by others of 3D codes solving Maxwell’s equations. 
MACSYNC was never intended to become a general production tool for precise 
geomagnetic EMP computations. 

MACSYNC uses LANL’s three-dimensional coupled gamma-electron transport code 
MCNP as a subroutine providing  electron position and velocity vector information to its 
EMP generation and propagation routines 4. MCNP chooses an electron transport step 
based on the percent of energy  loss per spatial step which is a user input. The 
maximum energy loss per major step that MNP allows is 8% of the instantaneous 
energy, because MCNP updates the electron’s transport properties after such an 
energy loss. The user specifies the number of substeps per major step. The author 
used 20 substeps for the current calculations corresponding to ~5 cm per step for 3 Mev 
electrons. For each of these transport steps, MACSYNC calculates the EMP radiated in 
the direction of the observer using the instantaneous direction of the velocity vector, i.e. 
the angle between the synchrotron radiation beacon and the radius vector to the 
observer at the end of each transport step. This field is then attenuated on its path to 
the observer, in 10 meter steps between the source and a radius of 2 km, through the 
conductivity present at each of these EMP propagation steps at the moment of EMP 
arrival at that step.  

The EMP attenuation method used in MACSYNC assumes that the EM propagation 
through ionized air caused by the nuclear explosion is pure attenuation, i.e. frequency 
independent. This is the case for the collision-dominated plasma surrounding sea level 
and low-altitude bursts observed from space. It is also so for high-altitude bursts 
observed on the ground as long as the yield is large enough so that radiation from 
electrons at higher altitudes is fully attenuated and only radiation originating at lower 
altitudes can penetrate to the ground. EM propagation from electrons radiating above 
~30 km altitude to the ground is somewhat frequency dependent. 

In MCNP, neither the EMP propagation nor the electron transport use any fixed cells. 
The gamma transport uses spherical shells, chosen 100 m thick, for gamma splitting as 
a gamma crosses from one shell into another. This is a standard Monte Carlo technique 
for keeping the number of transported gammas high for problems, like the current EMP 
problem, involving deep penetration over many gamma interaction mean-free-paths. 
These MCNP shells are also used by MACSYNC to identify the shell within which the 



EMP reaching the observer originated. For each shell, MACSYNC tallies the EMP vs. 
time of arrival at the observer using five dozen adjacent time intervals distributed 
approximately uniformly over a logarithmic time axis, with approximately ten time bins 
per decade over six decades from 0.001 to 1000 shakes. (One shake, equaling ten 
nanoseconds, is the unit of time used in MCNP.) The total EMP at the observer is 
obtained at the end of the MACSYNC run by adding the contributions from all the shells. 

In the MACSYNC calculations discussed in this paper, the z-axis points at the observer 
and the earth’s magnetic field points along the y-axis. For this geometry, MACSYNC 
calculates only the x-, i.e. in-plane, component of the EMP since the y-component 
cancels for an isotropic gamma source in a uniform air environment. 

The conductivity model used in the MACSYNC calculations for ground burst scenarios 
reported in References 1-3  made the approximation of immediate energy deposition by 
the Compton electrons. It also ignored the formative time lag because this process is 
negligibly short at sea level air densities 5. It used an electron mobility of 0.3 m/s per 
V/m and an electron attachment time constant of 1 shake = 10 nanoseconds, the two 
nominal values used by Conrad Longmire in his IEEE paper 6. 

Separate time-dependent energy depositions by unscattered or scattered gammas used 
in the  conductivity model of References 1-3 were obtained with MCNP calculations. 
Conduction electron attachment effects were included.  The resultant conductivity due 
to conduction electrons or ions is shown in Fig. 1 at selected radii from the burst point. 
The model includes a linear conductivity ramp that can be used to model the effect of a 
gamma pulse width or of a finite Compton electron energy deposition time. The 
conductivity ramp used for Fig. 1 was 0.1 shakes. 

For the calculations to be discussed in this paper, a detailed time-dependent energy 
deposition by the Compton electron was added as an option to this conductivity model 
(thanks to LLNL’s Chester Eng for encouraging the author to make this improvement). 
The energy deposition was obtained from MCNP calculations using time-dependent 
transport of both gammas and electrons. The energy deposition was tallied as a 
function of time in a 10 cm thick spherical shell of air located at 1 km from a line source 
of 3 Mev gammas. A 20 meter thick buffer shell of air was adjacent to both sides of the 
tally shell. This thickness was chosen on the basis of two considerations. On the one 
hand, it should be as thin as possible to minimize gamma scattering which would 
artificially lengthen the apparent electron energy deposition time. On the other hand, it 
needed to be to be larger than the range of the maximum-energy Compton electron 
produced by 3 Mev gammas, so that all Compton electrons made within their range 
from the tally shell, on either side of the tally shell, would be able to reach it. The volume 
between the source and the inner buffer shell was a vacuum to avoid gamma scattering. 

Two sets of MCNP calculations were run (see Fig. 2). In one set, gammas and electrons 
were prevented from crossing the downstream surface of the tally shell, while in the 
second set they were allowed to cross this surface. The second set calculated a 
somewhat higher energy deposition due to electrons scattering back into the tally shell 
from the downstream buffer shell. The energy density versus time from this second set 
of calculations was chosen for the conductivity model because it more accurately 



represents the transport physics. It is shown in normalized form in Fig. 3. The 
normalized ion density is identical to the normalized energy density because there is no 
appreciable ion attachment on time scales of interest. However, the normalized 
conduction electron density follows the normalized energy density only initially, but then 
peaks and falls off because of conduction electron attachment to neutrals. This is also 
shown in Fig. 3. 

The EMP propagation geometry for gammas emitted at an angle theta with the LOS to a 
distant observer, such as a space-based detector, is depicted in Fig. 4. At the time the 
EMP, emitted at a point located at a radius R and angle theta with the LOS, reaches a 
volume element located at a radius R+dR, the ionization density, created in that volume 
element by gammas reaching it by a direct and thus shorter path, has decreased due 
conduction electron attachment. This delay between the arrivals of the ionizing gammas 
and the EMP, that allows attachment, is plotted as a function of theta in Fig.5 for 
R=1000 m and dR=500 m. This value of R+dR was chosen because it is a location from 
which propagation to a distant observer is neither negligible nor 100% for a 1 kt burst as 
will be shown in a following section. It can be seen that this delay can be of the order of 
one attachment time, 1 sh or 10 nanoseconds, for theta ~8 degrees. The corresponding 
arrival time at the observer, also plotted in Fig.5, is ~30 nanoseconds. For later observer 
times, i.e. larger theta angles, the delay time available for attachment rapidly increases, 
as can be seen from Fig. 5. 

The effect of conduction electron attachment, due to off-LOS propagation, on the 
MACSYNC conductivity models will be shown in the following few Figures. In Fig. 6, the 
conductivity contributions from unscattered gammas, scattered gammas or ions, as well 
as the total conductivity, are plotted at an 800 m radius for the ramped conductivity 
model, using a 0.01 sh ramp, and the new conductivity model based on the detailed 
time dependent Compton electron transport calculations. The conductivity is shown as a 
function of time after arrival of the first gamma at that radius. In Fig. 7, the total 
conductivity is plotted versus the same time, also at an 800 m radius, for the ramped 
conductivity model for 0.01, 0.1, 0.5, and 1 sh ramps, as well as for the time-dependent 
electron transport (TDET) conductivity model. It can be seen that the models differ only 
in the time over which the conductivity reaches its peak, while the decrease in 
conductivity at later times is similar for all of them. It can also be noted that the TDET 
model and the ramped model, using a 0.5 sh ramp, provide very similar conductivity vs. 
time profiles. 

The next two Figures summarize differences in conductivity time histories, due to off-
LOS propagation at different theta angles, following EMP arrival at a radius of 1500 m. 
Again this radius was chosen because it is in the semi-transparent region between the 
EMP-opaque and EMP-transparent regions. Fig. 8 shows the on-LOS conductivity for 
the TDET model with arrows marking the EMP arrival time for various theta off-LOS 
emission angles taken from Fig. 5. These conductivities for various off-LOS theta angles 
are overlaid in Fig. 9 using  the time of EMP arrival at 1500 m as a common time axis 
origin. It can be seen from this Figure that the conductivity, at a given time after EMP 
arrival, can vary by more than an order-of-magnitude between on-LOS and off-LOS 
propagation paths. 



Both the ramped and the TDET conductivity models will be used in the remainder of the 
paper to examine the role of off-LOS propagation in geomagnetic EM pulse rise time 
formation and pulse shape. 

Conductivity due to air ionization by preceding bursts was not an issue because the low 
yield used in these calculations was produced by a single-stage nuclear device. Pre-
ionization of the air by the x-rays accompanying the gammas was considered by not 
including, in the total radiated field, contributions from electrons located within the first 
100 m tally radius. These contributions were negligibly small, even in the absence of x-
ray ionization, because of the steep increase in ionization density with decreasing 
radius caused by the radius-squared dependence of the gamma fluence. 

The deceleration, or drag, of the electron due to collisions with air does not produce any 
net radiated field for an isotropic source in a symmetric geometry. However, in most 
burst environments there exist asymmetries due to such factors as an air-ground 
interface and an air or humidity density gradient. This asymmetric drag EMP needs to 
be added to the geomagnetic EMP. However, LANL’s Bill Clodius and MRC’s Bill 
Crevier and Bob Hamilton have shown, using AFWL’s SCX or MRC’s AGRIP and LEMP 
codes, respectively, that the asymmetric drag EMP produced in surface or near-surface 
bursts, viz. the geometry of interest to this paper, is much smaller than the geomagnetic 
EMP, and has a much longer rise time, for all viewing angles larger than approximately 
half-a-dozen degrees relative to the earth horizon 7,8. Thus asymmetric drag EMP is not 
an issue for this paper since most satellites, which could be used for EMP detection, are 
at larger elevation angles and since its longer rise time is less capable of penetrating 
the ionosphere on the way to the satellite. 

 

Off-LOS propagation and conductivity ramp effects on rise time 

The ramped conductivity model with a 0.5 sh ramp has been used in a series of 
MACSYNC calculations to explore the role of off-LOS propagation in pulse rise time 
formation. All calculations used a total yield of 1 kt, a 0.3% gamma yield fraction, a 
gamma energy of 3 Mev, a 0.01 sh wide pedestal gamma output pulse, and a 0.5 gauss 
magnetic field. 

The first series of a dozen calculations used 0.1 degree wide gamma emission bands. 
The first calculation used theta between 0 and 0.1 degrees, the second calculation used 
theta between 0.1 and 0.2 degrees, the third theta between 0.2 and 0.3 degrees, etc. 
The field computed for theta=0-0.1 degrees is shown in Fig. 10. It rises to a peak in a 
time approximately equal to the gamma pulse width. After the peak, the field drops with 
a long tail extending well beyond the 0.2 sh shown on the Figure. This tail is caused by 
the spreading of the radiating electrons along the LOS due to the Klein-Nishima 
Compton electron emission angular distribution folded with electron multiple scattering 
effects. 

The fields from the entire series of 0.1 degree wide gamma emission bands is shown in 
Fig. 11 along with their sum. It can be seen that the rise is produced by these pulses as 



they arrive with increasing delays due to the longer path lengths associated with off-
LOS propagation at increasing angles with the LOS. The early-arriving pulses have a 
lower amplitude because the number of gammas emitted into their smaller fractional 
solid angle is smaller than that of later-arriving pulses (see Fig. 12). 

The entire pulse is produced in a second series of a dozen calculations with increasing 
emission angle widths of 0-0.1, 0.1-0.2, 0.2-0.4, 0.4-0.8, 0.8-1.6, 1.6-3.2,3.2-6.4, 6.4-
12.8, 12.8-25.6, 25.6-51.2, 51.2-102.4, and 102.4-180 degrees. This series of 
calculations was done with the ramped conductivity model using either 0.01, 0.1, 0.5, or 
1 sh ramps (see Figs. 13-16). The same series of calculations was also done with the 
TDET conductivity model (see Fig. 17). The sums of fields of the angular emission 
bands for the different conductivity ramps are overlaid in Fig. 18 along with the sum of 
fields for the TDET conductivity model. It can be seen that the calculations with the 0.5 
sh ramp and the TDET conductivity models give similar fields, as expected based on 
their similar conductivity vs. time profiles. It is also noted that the pulse rise times are 
approximately the same for all the ramps and thus do not depend on the conductivity 
rise time. 

Figs. 19-22 show the contributions of the different 100 m thick air shells to the total 
fields shown in Figs. 13-16 of the preceding paragraph. It can be seen that the effect of 
a shorter conductivity ramp is to reduce the contribution of inner air shells to the total 
pulse at earlier times by increasing the conductivity faster. This results in a “black-out” 
at early times of the EMP generated in the inner shells. This black-out effect is evident 
in Fig. 23 which shows the EMP transmission to a distant observer from radiating 
electrons located at a given radius from the source. This transmission is plotted for 
various percentages of the final conductivity along the linear conductivity ramp.  The 
Figure also plots the transmission for 100% conductivity, for various delay times after 
completion of the ramp rise when attachment has reduced the conductivity. 

In summary, the rise time of the geomagnetic pulse is due to the combined effects of a) 
electron spreading along the LOS due to the Compton electron emission angular 
distribution folded with multiple scattering effects, and b) radiation arrival time spreading 
due to path length differences for different off-LOS gamma emission angles. The pulse 
rise time does not depend on the rise time of the conductivity. The conductivity rise time 
determines what part of the source volume is EM-opaque and not visible to the 
observer. This determines the amplitude of the pulse. 

 

Three-dimensional conductivity effect on pulse shape 

The preceding paragraphs show that the conductivity time profile experienced by the 
EMP does not depend alone on the radial distance from the source, but also on the 
particular off-LOS propagation path traveled by the EMP. In other words, the 
conductivity is a function not of one but of all three dimensions.  

The legacy EMP codes, HEMP and CHAP, are one-dimensional. They can treat the 
conductivity only as a function of the radius. The next few Figures compare the field 



computed by MACSYNC using a fully three-dimensional conductivity with the same 
MACSYNC problem run with a conductivity depending only on the radiating electron’s 
radius. 

Both problems used the ramp conductivity model with a 0.5 sh ramp. Fig.24 shows the 
fields generated in all the spherical air shells for the standard three-dimensional 
conductivity treatment. Fig. 25 shows the same fields when the delay due to off-LOS 
propagation of the gammas has been removed from the time determining the 
conductivity, viz. the conductivity is the theta=zero degrees conductivity shown in Fig. 8. 
Comparison of these two Figures shows that radiation originating in the inner shells is 
cut off early by the 3D conductivity, while this is not the case for the 1D conductivity. 

Fig. 26 shows the total field for the 1D conductivity model. In Fig.27 the total fields 
computed with the 1D and 3D conductivity models are overlaid. It is evident from this 
Figure that a 1D conductivity produces a significantly different pulse shape than the fully 
3D conductivity treatment. The two treatments track one another during the early rise of 
the pulse. Then the 1D treatment produces a substantially larger field until, near the end 
of the pulse, it generates a smaller field than the 3D treatment. These differences in 
computed fields are consistent with expectation based on comparing the conductivity 
vs. time of the two treatments shown in Fig. 9. 

In summary, it is evident that one-dimensional EMP codes are inherently incapable of 
producing the correct geomagnetic EMP shape, in a sea level burst geometry, because 
they cannot treat the dependence of conductivity on two dimensions, viz. radius and 
angle with the LOS. 

 

Discussion 

Farmer, et al., recently arrived at findings that seem to be inconsistent with the principal 
findings of this paper. They found that: 1. Legacy 1D (spherical) EMP codes contain the 
off-LOS propagation effects because they are included in the Maxwell equations solved 
by those codes 9, and 2. Temporal evolution of the conductivity is the biggest factor in 
determining the EMP rise time, with the precise temporal form of the gamma pulse and 
any pre-ionization of the atmosphere having a greater influence on the pulse shape than 
use of the obliquity-factor scattering treatment or off-LOS propagation effects beyond 
those captured in a CHAP-like model 9,10.  Three-dimensional effects were outside the 
scope of the work by Farmer et al, and for that reason they limited themselves to a one-
dimensional (spherically symmetric) model of the conductivity. The current paper treats 
the behavior at longer times for which the off-LOS propagation effects are more 
important, requiring a multi-dimensional description. At the high altitudes of the scenario 
treated by Farmer et al, the conduction electron attachment times are very long, 
allowing ionization from previous bursts to persist for long times.  If such pre-ionization 
had been included in their calculations, the leading edge of the pulse would have been 
attenuated, producing a different temporal profile. The impact of such pre-ionization is 
consistent with their conclusion that the temporal evolution of the conductivity is a 



dominant effect on the formation of the EMP, though a detailed description of these 
effects was also outside the scope of their work. 

The current paper treats 3D conductivity for near-surface bursts observed from space. 
In high-altitude bursts observed from the ground, the gamma emission angle associated 
with a given observer time is typically an order-of-magnitude smaller than the same 
angle in a ground burst. The author has found, however, that the delay time between 
ionization creation and EMP arrival is roughly the same fraction of the observer time for 
both burst scenarios. Thus 3D conductivity effects will also be an issue for high-altitude 
bursts. The conductivity vs. time profile is determined at early times by the Compton 
electron energy deposition time and at late times by the conduction electron attachment 
time. The first scales inversely with air density, while the second scales approximately 
inversely with air density or its square depending on whether two-body or three-body 
attachment dominates at a given altitude . Thus the high-altitude burst conductivity vs. 
time profile will vary with the altitude of the radiating electron, which determines the 
altitudes traversed by the EMP on its path to the observer, and it will be different from a 
near-surface burst profile. The magnitude of the 3D conductivity effect for high-altitude 
bursts depends on the details of the conductivity profile. The author has not yet built a 
high-altitude version of MACSYNC capable of investigating the resulting impact of 3D 
conductivity on pulse shape for this high-altitude burst geometry. 

A few years ago, Chester Eng suggested to the author Compton electron deflection by 
the earth’s magnetic field as another asymmetry mechanism producing a net drag EMP. 
This possibility has recently been explored by Friedman et al 11. Using a simplified high-
altitude geometry consisting of electron or gamma sources radiating into a uniform slab 
of unionized air with a density corresponding to that at 20 km, they found a noticeable 
effect. This issue deserves more detailed modelling with isotropic gamma sources, 
including air conductivity and pre-ionization, for near-surface and high-altitude bursts in 
order to find out how this effect compares to geomagnetic EMP and the other 
asymmetry drag EMP mechanisms for various viewing geometries. If this modelling 
shows the new asymmetric drag EMP to be significant, then the legacy asymmetry drag 
EMP codes, SCX, AGRIP, and LEMP, which do not use the earth’s magnetic field in 
their calculations, ought to be updated. 

 

Conclusions and observations 

The MACSYNC calculations discussed in this paper lead the author to the following 
conclusions for near-surface bursts observed from space: 

1. The rise time of the geomagnetic pulse is due to the combined actions of           
a) electron spreading along the LOS due to the Compton electron emission 
angular distribution folded with electron multiple scattering effects, and               
b) radiation arrival time spreading due to length differences for different off-LOS 
propagation paths. The pulse rise time does not depend on the rise time of the 
conductivity. 



2. One-dimensional legacy EMP codes are inherently incapable of producing the 
correct geomagnetic EMP shape because they cannot treat the dependence of 
the conductivity on two dimensions, i.e. the radius from the source and the angle 
of the propagation path with the LOS. 
 

The same phenomenology occurs in high-altitude bursts observed from the ground. In 
order to assess the degree to which this actually affects the geomagnetic EMP rise time 
and general shape in this burst environment, the author would need to build a high-
altitude version of MACSYNC. The current development of a 3D Maxwell’s equation 
solver at LLNL, led by David Larson, will also be able to address this high-altitude burst 
issue. 
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                                        Figures 
 

 
Figure 1.  Conductivity using a 0.1 shake ramp. 
 
 

Figure 2.  Compton electron energy deposition vs. time in sea level air for 3 Mev 
gammas. Upper curve includes electron back scattering, the lower one does not. 



 
 
Figure 3.  Conduction electron and ion density vs. time in sea level air for 3 Mev 
gammas. 
 
 

 
Figure 4.  EMP propagation geometry to a distant observer for gammas emitted 
at an angle theta with the line-of-sight (LOS).  
 
 



 
Figure 5.  Observer and delay times for EMP, emitted at a point located at 
R=1000 m and angle theta with the LOS, when reaching a volume element of 
ionized air at R+dR=1500 m. 
 
 

 
 
Figure 6.  Conductivity contributions from unscattered or scattered gammas and 
ions at 800 m for 1 kt total yield, 0.3% gamma yield and a gamma energy of 3 
Mev. 
 



 

 
 
Figure 7.   Total conductivity at 800 m for the ramped conductivity and the time-
dependent electron transport (TDET) models. 
 
 

 
Figure 8.  On-LOS conductivity, from the TDET conductivity model, at 1.5 km. 
Arrows mark the EMP arrival time for various gamma emission angles. 

 



 

Figure 9.  Conductivity at 1500 m for various gamma emission angles. 

 

Figure 10.  Field for gammas emitted between 0 and 0.1 degrees with the LOS. Total 
yield 1 kt, 0.3% gamma yield with 3 Mev gamma energy. 

 



 

Figure 11.  Field from gammas emitted into indicated adjacent 0.1 degree wide 
emission angle bands. 

 

 

Figure 12.  Fractional solid angle for gammas emitted into an angle theta with the LOS. 

 
 



 

 

Figure 13.  Field for a 0.01 sh conductivity ramp. 

 

 

Figure 14.  Field for a 0.1 sh conductivity ramp. 

 



 

Figure 15.  Field for a 0.5 sh conductivity ramp. 

 

 

Figure 16.  Field for a 1 sh conductivity ramp. 

 
 



 

Figure 17.  Field for the TDET conductivity model. 

 

 

Figure 18.  Fields for the indicated conductivity ramps and the TDET conductivity 
model. 

 

 



 

Figure 19.  Contribution of indicated air shell to total field for 0.01 sh conductivity ramp. 

 

 

Figure 20.  Contribution of indicated air shell to total field for 0.1 sh conductivity ramp. 

 

 



 

Figure 21.  Contribution of indicated air shell to total field for 0.5 sh conductivity ramp. 

 

 

Figure 22.  Contribution of indicated air shell to total field for 1 sh conductivity ramp. 

 

 



 

Figure 23.  EMP transmission to a distant observer from radiating electrons located a 
given distance from the burst point for the indicated percent of conductivity and delay. 
Total yield 1 kt, 0.3% gammas, 3 Mev gamma energy. Sea level burst. 

 

 

Figure 24.  Field for 0.5 sh conductivity ramp and 3D conductivity model. 

 



 

Figure 25.   Field for 0.5 sh conductivity ramp and 1D conductivity model.   

 

 

Figure 26.  Total field for a 0.5 sh conductivity ramp and the 1D conductivity model. 

 

 



 

Figure 27.   Overlay of the total fields for the 1D and 3D conductivity models (0.5 sh 
conductivity ramp). 
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